INTRODUCTION
Piezoelectric transducers convert radio-frequency (rf) electrical signals into mechanical ultrasonic vibrations and are the key elements in all medical and industrial ultrasound. These are used for ultrasonic imaging, NDE, determination of material property and detection! sizing offlaws [l] . In all such measurements complete knowledge of the radiation source, receiver and associated electronics as well as the field inside the immersion fluid or the material can be useful in the understanding of the material properties. The standard information that is provided for these transducers by the vendors has limited value for imaging purposes. The manufacturers provide data in the form of rf reflection from a small target, such as a ball and its frequency spectra to indicate bandwidth. Advanced precision measurements with piezoelectric transducers will require temporal and spatial distribution of the radiation field in the propagation medium. For example, in the measurement of material properties using Lamb Waves or oblique angle time-of-flight [2] measurements, we measure the phase velocity which is dependent upon the angle of incidence. If the transducer element is misoriented inside the enclosed case, any measurements using the radiation field of such a transducer would require either alignment of the transducer field such that the spatial coordinates of maxima in the amplitude and minima in the phase at all the axial distances from the transducer coincide or else a priori knowledge of three-dimensional (3-D) mapping of fields from the transducer. In the latter case, any perturbation to these fields due to the material property variation can be measured precisely. In this paper, we show a method to map three-dimensional and volumetric radiation fields for piezoelectric transducers.
EXPERIMENTAL
The experimental arrangement for mapping of 3-D radiation pattern of a transducer is similar to the one we used for an earlier work [3] . The radiation field is mapped in water at room temperature for all transducers. Three different transducers were used namely (i) I MHz 0.5 in. diameter circular transducer (ii) 2.25 MHz 1 x 0.75 in. rectangular aperture transducer (iii) 5 MHz 1 in. diameter focused transducer with focal length of 3 in. in water. The transducer under test is stimulated by a tone burst of fundamental frequency of the transducer. Before scanning the radiation field, the polar and azimuthal orientation of transducer under test is adjusted such that time-of-flight is minimum for each of the {x,O,O} data set i.e. scanning plane is normal to field propagation vector. An oriented and misoriented case are shown in Fig. 1 . The transducer being evaluated is fixed at {x,y,z}={O,O,O}. A pinducer (a point receiver) is used to scan the radiation field in water in a {y,z}-plane to an accuracy of 0.001 in. for z-step and 0.0025 in. for y-step for each value of x indexing from xnear-field to xfar-field in a predetermined x-step size (minimum step is 0.001 in.). The yz crosssection of the radiation field is displayed live for each x-position. The scanner, time and amplitude data acquisition system and display of live data are under the control of a desk top computer running an in-house developed software for the purpose. The raw data is transferred to an imaging workstation. The actual scanned step size, of the order of 0.01 in., was determined from a number of parameters. Some of these parameters were: the receiver and transmitter aperture size, frequency, scanning region, field gradient and additional constraints of the electronic measuring system. All measurements were made by tracking a particular phase point (in our case a 'zero crossing') in the wave form throughout all x, y and z scanning motions, including the much larger steps in the x direction.
THREE DIMENSIONAL IMAGING
Three dimensional visualization of ultrasonic data testing was performed using a commercial software package called AVS [4] running on a Silicon Graphics platform with a IRIX 5.2 operating system. Data reconstruction was performed using a programming language called PERL. This software allowed for the image plane files acquired from the ultrasonic scanning system to be combined and constructed into AVS file formats for volume visualization of amplitude and phase measurements. AVS software allows visual observations of the various isosurfaces and arbitrary slices throughout the ultrasonic beam. Networks were constructed using various modules to create the desired image for observation and characterization. sound field. The first module labeled read field, reads infonnation about the file and how it is constructed. Module extract scalar, allows for the selection of amplitude data and phase information. MiniMax module is used to acquire the minimum and maximum values of the data for setting the limits for the colormap. Animated integer varies the steps value (for the orthogonal slicer module) through the various slices in sequence for observation of progression of the sound field as a function of distance from the receiving the transducer. Field to mesh and contour to geometry provide the necessary processes to display image in a window called the geometry viewer.
RESULTS AND DISCUSSION
The advantage of having 3-D visualization of radiation field is that one can display, analyze and characterize the temporal or spatial distribution of the radiation field in any arbitrary plane slicing the field, without acquiring any data specifically for that image slice. We display data for the pressure field in a coupling fluid (water) for circular, rectangular and focused transducers. Figure 3 depicts the equipotential surfaces of pressure amplitudes for an 0.5 in. diameter 1 MHz circular transducer in the far field, 4 to 12 in. from the surface of the element. From a set of these displays we observe, as expected, that the radiation amplitude falls off as the observation point moves away from {O,O,O}, i.e., the center of the element. The amplitude is very high only in a limited small volume of the field (Fig. 3a) . As the pressure amplitude decreases, the range and volume encompassed by the equi-amplitude field greatly increases within the immersion fluid (Fig. 3f ).
In the far field, the pressure field of a circular transducer at a distance r is given by
where a is the radius of the transducer element, 11 is the cylindrical Bessel function of first order, e is the polar angle of observation, ro is the angular frequency and k is the wave vector in the medium. 1.0 in.), indicating that the waves emitted by circular transducer in this region are spherical waves. As the receiving plane is moved away from the transducer (@ x=12 in., Fig. 4d ), the variation in the amplitude in the scanning window is less than 0.4%, indicating that waves in this region are essentially plane waves. Most of the quantitative analysis of wave propagation through the material assumes a plane wave approximation. This is the region where experimental data should be acquired for verifying the NDE analytical results.
We can obtain the distribution of the field in any arbitrary plane from 3-D field by using slicer function in AVS. Figure 5 shows the temporal and spatial distribution in (zx, yx and yz) planes. Such a feature can enable us to determine perturbations in these quantities due to variations in material properties. Once again, as one moves away from the aligned transducer the variation of the phase in the scanned (yz) window reduces.
The experiments were extended to a rectangular aperture 2.25MHz (I in. x 0.75 in.) transducer. Figure 6 shows the 3-D radiation pressure distribution. The isosurface at low amplitude (3.0V) show extended ranges and side-lobes whereas regions of high amplitude (9.0V) along {x,O,O} are limited in volume. If the transducer is misaligned, the range along the axis at this amplitude is restricted further, as expected (Fig. 6) , In Figure 7 we show an expanded view for Fig. 6a . at two different orientation angles. Here we show symmetry and additional side lobes associated with this particular transducer. Also from this orientation we also have a better perspective of the transducer beam having a surface of equal pressure indicated in volts. The corresponding far-field radiation at a distance r is calculated from the following Equation (2) for this transducer and compared to the experimental data ( Fig. 6e ). Again, we can view the field in an any arbitrary plane by taking the appropriate cross-section of the fields by using the tools available in AVS (Figs. 8). P = (4P b)j(oot-kr) l sin (1ta~ne) llSin (1tb~ne) 1 (2) r Oa
where a and b are the transducer dimensions, A. is wavelength and e is direction of observation of the field, 00 = 21tf is the angular frequency.
Finally we applied the method to a 5MHz, 1 in. diameter focused transducer. Figure 9 displays the 3-D view of converging radiation field. The focal length (2.9 in.) and focal spot (0.028 in.) determined from these results agreed well with the values supplied by the vendor (namely 3 in., 0.030 in.). 
SUMMARY
In this paper we have shown computer generated 3-D pressure amplitude and phase mappings of a circular, a rectangular and a focused aperture transducers for propagation in water. We have shown that from such 3-D patterns one can obtain distribution of radiation field in any arbitrary plane in the medium of propagation.
